Electroplated tin films are important for several technologies such as microelectronics, Li-ion batteries, and corrosion-resistant coatings. In this paper, we demonstrate that the microstructure of tin films can be precisely controlled by addition of certain combinations of organic additives to a methanesulfonic acid based electroplating bath. Tin films are deposited on a copper substrate by varying the concentrations of two such additives, namely, hydroquinone and gelatin. The plating process is characterized by linear sweep voltammetry and insights into the resulting microstructure are obtained using imaging by scanning electron microscopy. It is found that the addition of hydroquinone alone results in non-uniform tin films having significant dendrites and does not affect the hydrogen gas evolution during electroplating. The addition of gelatin alone is found to suppress the evolution of hydrogen gas and affects the film nucleation process that controls its grain morphology, but also creates pinholes in the film and sludge in the bath. A combination of the two additives, however, yields a highly uniform grain structure with little to no dendrite formation and a delayed onset of hydrogen gas evolution, which is highly desirable during the electroplating process. Experiments are carried out that show that the mechanism of tin film nucleation and growth during electroplating is altered in the presence of the additives, where gelatin suppresses the tin nucleation rate (thereby controlling the grain size) as well as the formation of large dendrites; while hydroquinone, acting as an antioxidant, prevents pinholes, creates a uniform film, and avoids sludge formation in the presence of gelatin. This work demonstrates a path to control electroplated tin microstructures by varying bath chemistries and process parameters which will prove highly useful to industry. and Li-ion batteries. 4 Advantages of tin include superior wettability, solderability, high specific capacity for Li storage, as well as a low material and manufacturing cost.
and Li-ion batteries. 4 Advantages of tin include superior wettability, solderability, high specific capacity for Li storage, as well as a low material and manufacturing cost. 5 Tin and its alloys can be electroplated using solutions containing aqueous fluoroborate, sulfuric acid, methanesulfonic acid (MSA), or phenolsulfonic acid. 6, 7 While the electroplating of tin from such acidic electrolytes is possible without additives because of their low activation overpotential, the deposited films from such solutions are found to be coarse, less adherent to the substrate, and having non-uniform and irregular grain sizes and morphologies. 6, 8 Further, formation of dendrites during film deposition may often lead to even coarser overall film morphology resulting in mechanical and electrical instability that prohibits their reliable use in electronic devices. 9, 10 In order to obtain desired grain structure and surface finish, several organic additives such as hydroquinone (HQ), gelatin, amine derivatives, glue, thiourea, ethylenediaminetetraacetic acid (EDTA), benzotriazole (BTA) have been evaluated for electroplating of tin and its alloys. [6] [7] [8] [11] [12] [13] [14] [15] The focus of much of the previous work [6] [7] [8] [11] [12] [13] [14] has been to obtain coatings having matte or bright finish without the formation of unwanted dendrites. In spite of this work, there has been little to no emphasis on obtaining a precise control over the microstructure of electroplated tin films using the understanding of the mechanisms of film nucleation and grain growth under different bath chemistries and plating conditions. Note that microstructural control of tin films is highly desirable in several emerging applications as it controls the film mechanical and electrical properties. For example, in the area of wearable electronics, interconnects made up of large equiaxed grain structures are necessary to achieve high ductility and hence stretchability. [16] [17] [18] [19] In addition, the electroplating process requires that the film be free from hydrogen embrittlement, and the bath be free of sludges over long periods of time.
Amongst the different additives, HQ (C 6 H 4 (OH) 2 ) is an oxidationinhibitor and when added to the electroplating solution, it significantly lowers the tendency of stannous ions to turn into stannic ions. 8 Further, optimum amounts of added HQ can help suppress hydrogen a Present address: Intel Corporation, 5200 NE Elam Young Pkwy, Hillsboro, Oregon 97124, USA. * Electrochemical Society Student Member. z E-mail: rpanat@andrew.cmu.edu; idutta@wsu.edu evolution during the electroplating process which is one of the critical requirements to form uniform electroplating of metal films. 20 Gelatin, a widely used leveler and grain refiner in metal electroplating processes, has been in use in the industry for several decades. 11 Although there have been studies on the individual effects on these two additives on Sn-Bi alloys, 21, 22 very few efforts have been made to identify their combined effects on the electroplating of tin. Furthermore, the dominant mechanisms controlling the nucleation and growth processes during tin electrodeposition in the presence of these two additives are yet to be identified.
The aim of the current work was thus two-fold. First, we aimed to identify the mechanisms of nucleation and growth of electroplated tin films in the presence of two organic additives, HQ and gelatin, to obtain control over film microstructure as a function of the bath chemistry. Second, we aimed to engineer optimum plating conditions that can give rise to higher limiting current density, a delay in the onset of hydrogen evolution, a higher cathodic surface coverage, a dendritefree film with minimum irregularities, and microstructures consisting of large near-round grains that are desirable to achieve highly ductile tin films that can undergo high deformation without failure.
Experimental
Electroplating bath preparation.-The electroplating solutions were prepared by mixing MSA (assay ≥ 99%) with tin(II) sulfate (assay ≥ 95%) along with HQ (assay ≥ 99.5%) and gelatin (from bovine skin) (all chemicals from Sigma-Aldrich Inc., St. Louis, MO) as additives. Four types of MSA-based solution chemistries were considered, namely, solution with no additives, only HQ as the additive, only gelatin as the additive, and both HQ and gelatin as additives in different ratios. Table I shows the proportion for all the bath constituents for different electroplating conditions. To make the electroplating bath, tin (II) sulfate powder in different proportions was added to MSA solution in a 150 ml beaker under constant stirring conditions followed by an addition of deionized (DI) water(resistivity 18.2 M ·cm at 25
• C). Although the proportions of the constituents are different for different bath chemistries, the total volume of the solution in each case was maintained at approximately 75 ml. Constant stirring was also applied while adding HQ and/or gelatin to the bath.
A conventional three-electrode cell set-up was used for the voltammetry experiments as shown in the schematic in Fig. 1 . An electrochemical workstation (Model CHI660E, serial#A2906, The Cu substrates and SS anode were polished using 600 grade SiC papers followed by thorough rinsing with Isopropyl Alcohol (IPA) and DI water before using for voltammetry. The distances between counter electrode, working electrode, and reference electrode were maintained at 10 mm each. A slow stream of pure N 2 gas was applied into the solutions for 10 minutes prior to each LSV experiment. During each LSV experiment, the N 2 gas stream was maintained over the solution surface. This process was adopted to eliminate trapped oxygen from the solution during voltammetry and avoid unwanted oxidation of the constituents.
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Electroplating process and characterization.-Electroplating of the tin film was done galvanostatically while maintaining 20 mm distance between anode and cathode and using a DC power source (E3611A, Agilent Technologies, Santa Clara, CA). Total time for electroplating was 30 min for each solution at 0.7i L mA/cm 2 (i L = limiting current density). From the LSV results, the limiting current densities were determined as midpoints of linear mass-transport controlled regions just before the onset of H 2 evolution. After electrodeposition, each sample was washed with IPA and DI water and air dried at room temperature for 1 hr.
Selected plating solutions were used to electroplate on polished Cu substrates for 10s, 40s, and 150s for a separate set of experiments to understand nucleation and growth mechanism of Sn during electroplating. A constant stirring rate of 200 rpm was maintained for all solutions with exception of solutions VI'(a, b, c) where the rate was kept at 600 rpm (see Table I ). The Sn microstructures were studied under a Scanning Electron Microscope (FEI Sirion SEM, FEI Inc., Hillsboro OR) at different magnifications.
Results and Discussion
Linear sweep voltammetry.-Cathodic polarization curves (LSV curves) consisting of the current as a function of the sweep potential (vs. SCE) for bath chemistries I -VI' (Table I) are shown in Fig. 2 . For solutions I-VI, the MSA, tin(II) sulfate, HQ and gelatin were varied in different amounts or ratios among the constituent additives within the plating bath. For example, solution I contains only MSA and tin(II) sulfate, solution II contains MSA, tin (II) sulfate and HQ, solution III contains MSA, tin (II) sulfate, and gelatin, whereas all the four constituents were present in different amounts from solution IV to VI. In the case of solution VI', the constituents were identical to solution VI but the stirring rate was increased. In all the cases, the curves show different regions representing different stages of the plating process as described below. At low potentials, the current remains near zero until a certain potential is reached when it starts to rise indicting the beginning of the plating process (i.e. reduction of tin at cathode). Once the plating starts, an activation controlled region is observed where current increases linearly and rapidly with increasing cathodic (i.e., negative) potential, until depletion of the tin ions around the cathode causes the solution to reach a limiting current density, i L . Activation controlled region appears in the LSV curves due to reduction of Sn ions (charge transfer) that controls the over reaction at this stage. Then an intermediate region is observed which is called mixed controlled region as shown in Fig. 2g where the overall reaction is influenced by both charge transfer and mass transport in the system followed by mass transport region. 23, 24 The limiting current density can be predicted by following equation 25, 26 
where, F is Faraday constant, D is diffusion co-efficient, δ is the diffusion layer thickness, and c b is the concentration of tin(II) sulfate. The plating current does not increase further with increasing potential representing the region of concentration polarization. At high potentials, the current starts to increase again primarily due to the undesirable reaction consisting of hydrogen reduction and the evolution of the H 2 gas which can cause film embrittlement. It should be noted that for electroplating tin for practical applications such as interconnects, an 2 ) prior to establishment of concentration polarization, as well as a delayed onset of hydrogen reduction. Figure 2a shows the LSV curves for the solutions Ia, Ib, and Ic (see Table I ) where the concentration of tin (II) sulfate was varied (Ia > Ib > Ic). The reduction of tin starts at −475 mV vs. SCE for solution Ia which has the higher concentration of tin (II) sulfate (c b ) compared to solutions-Ib and Ic for which reduction potential shifts toward more negative value of −518mV and −540mV vs. SCE, respectively. The limiting current density changes from −26.4 mA/cm 2 for solution Ia to −1.7mA/ cm 2 for solution Ic. However, evolution of hydrogen starts faster in Ia (−590mV vs. SCE) compared to solutions Ib and Ic where the range for Sn reduction potential without evolution of H 2 is prolonged due to reduced concentration of tin (II) sulfate. This result clearly shows that increasing the concentration of tin (II) sulfate can increase the plating current and hence the plating rate, but an early evolution of H 2 gas is expected to lead to a poor deposit quality, as well as possible film embrittlement. 27 The LSV scans, when varying concentrations of HQ alone was added to solution Ia (Table I , solutions IIa, IIb and IIc), are shown in Fig. 2b . As the HQ (g/L) was added to the solution, the reduction of tin occurred at approximately the same potential (−470 mV vs. SCE). The limiting current densities, however, reduced from ∼50 mA/cm 2 to ∼36 mA/cm 2 as the HQ concentration increased in the solution. It is important to note that, while the activation region for all solutions (i.e., solutions IIa, IIb and IIc) remained unchanged. Moreover, for solution IIa, the H 2 evolution started at a higher negative potential (∼667mV vs. SCE) compared to solutions IIb and IIc, which demonstrates that the addition of HQ delays the H 2 reduction during electrodeposition.
The LSV scans for solutions IIIa, IIIb, IIIc, with varying concentrations of added gelatin to solution Ia, shows initiation of tin reduction at −480mV vs. SCE which is slightly more negative (−10mV) than solutions with HQ only (Fig. 2b , solutions IIa, IIb, and IIc). For solution IIIa where gelatin is present in the highest concentration, the limiting current density, i L , is −12mA/cm 2 with hydrogen evolution starting after −650mV vs. SCE. Solution IIb shows a higher i L of −15mA/cm 2 with wider mass transport control region whereas for solution IIc, i L is observed to have the highest value (−23mA/cm 2 ) of all three solutions with a mass transport control region longer than in solution IIa but shorter than in solution IIb. Hydrogen reduction potential for solution 2c starts at −638mV vs. SCE which is less negative than for both solutions IIb and IIc.
It is clear from the above results that the addition of HQ or gelatin alone could not give a combination of early onset of Sn reduction with high limiting current density and a delayed hydrogen reduction. The LSV scans of solutions IVa, IVb, IVc, solutions Va, Vb, Vc, and solutions VIa, VIb, VIc which contained a combination of HQ and Gelatin as additives in varying concentrations (see Table I ) are shown in Figs. 2d, 2e and 2f respectively. For solutions IVa, IVb, and IVc, where the proportion of HQ to gelatin was varied from 6.67/3.33, 6.67/2, 6.67/0.67, respectively, the tin reduction potentials remained at about −470 mV vs. SCE, but i L varied as 8, 12 and 13 mA/cm 2 , respectively. For solutions Va, Vb, and Vc and solutions VIa, VIb, VIc the reduction process of tin started at −477 mV and −480 mV respectively. The limiting current density for the former stayed between −9.46 mA/cm 2 and −6.6 mA/cm 2 , while for the latter, it was more distinguishable (−3 mA/cm 2 to −16 mA/cm 2 ). The results presented above clearly indicate the effect of a combination of HQ and gelatin on the electrochemical behavior of each solution in terms of reduction potentials of tin and hydrogen, all of them changing with changes in the concentrations of HQ and gelatin. The addition of only HQ was observed to have a relatively weak effect in delaying the onset of hydrogen evolution during cathodic polarization. Gelatin alone had a strong effect on delaying hydrogen reduction after concentration polarization of tin, which suggests adsorption of gelatin on the cathodic surface, 11 and consequent reduction of the number of nucleation sites for tin and hence the peak current density compared to solution II. This is indeed observed in Fig. 2c . However, the addition of both HQ and gelatin in solutions IV, V and VI resulted in a longer delay in hydrogen evolution. Further, the solutions VI'a, VI'b, and VI'c consisted of HQ/gelatin ratios of 2/0.67, 2/2, 2/3.33, respectively and an increased stirring rate at 600 rpm. As shown in Fig. 2f , the current densities for solutions VI'a, VI'b, VI'c increased to about −15, −21 and −23mA/cm 2 , respectively; consistent with Eq. 1. Note that the solutions VII, VIII, IX, X, and XI were used to fine tune the microstructure ( Figure 5 ) and their LSV scans are shown in supporting information Fig. S1 .
Film morphology and microstructure.-From the above section, the addition of a combination of HQ and gelatin in the MSA solution can provide significant improvement in achieving electroplated tin films at high limiting current densities (hence high deposition rate). However, in addition to producing non-porous, un-embrittled films at reasonable deposition rates, it is important to control the film microstructure (e.g., grain size and morphology) for applications where mechanical properties (e.g., ductility and strength) are important. We carried out the electroplating process at 70% of the limiting current density as determined from the plots in Fig. 2 to evaluate the effect of additives on microstructure. Only solutions Ia, IIa, IIIa, and VIa of Table I were selected for these experiments, since they comprise of the solutions without any additives, and with highest amounts of additive concentrations (i.e., HQ alone, or gelatin alone, or with both gelatin and HQ, respectively).
As expected from the significantly different LSV scans seen in Figs. 2a through 2g, the electroplated tin films had remarkably different morphologies and microstructures for different plating chemistries of Table I as shown in Figs. 3a, 3b, 3c, 3d , 3e, 3f, 3g, 3h (plating time of 30 minutes at 0.7i L mA/cm 2 ). Figs. 3a and 3b show the film microstructures at the sample center and film morphology at the sample edge, respectively, when no additives were present (solution Ia). The film had a rough morphology and the tin grain sizes and morphologies appeared to be highly irregular (e.g., grain sizes ranging from 3−40 μm within a 120 μm 2 area of the film). At the film edges, large dendrites with high aspect ratios were formed, likely due to the presence of higher electric field during electrodeposition. The length of the dendrites was of the order of 400-800 μm while the lateral dimension was of the order of 20-40 μm (Figs. 3b) . We observed, however, that with increased deposition time, the dendritic structures started to lose adhesion with underlying grains of the tin film. Heavy rinsing of the plated film using IPA and DI water was found to be useful in getting rid of only some of the loose dendrites. Note that the formation of these dendrites in any plating process was previously linked with high current density, 28 but in the current experiments it occurred even at low to medium overall current densities, although it is possible that the local current densities were higher due to concentration of the electric field. Figures 3c and 3d show the film microstructure and morphology when HQ alone was added (solution IIa). The grain size distribution of the deposited tin film in Fig. 3c was narrower than that in Fig. 3a , but still varied from 5-20 μm. We also observed dendrites at the edge of the films in Fig. 3d had a shorter length (in the range of 200-400 μm) and a lower density than that in Figs. 3b. When compared to the case with no additives, the film surface texture was found to be more uniform with an improvement in the packing of the grains. Also, addition of HQ prevented sludge formation and preserved the solution for at least 30 days. Preservation and stability of solutions will be discussed in the latter part of the paper.
Figures 3e and 3f show the morphology of electroplated tin films when gelatin alone was added to the plating bath (solution IIIa). Compared to the previous two solutions described above where the grain sizes varied over a rather large range (Figures 3a and 3c) , a more uniform distribution of grains was obtained, with grain sizes ranging from 10 to 18 μm (∼15±3 μm). Moreover, the films obtained from these solutions were visibly less rough when compared to the ones obtained from solutions I and II. The grains obtained using gelatin as additive were homogeneously distributed throughout the entire cathode surface. This distribution of grains can be explained by the inhibitory effect of gelatin, which makes the cathode surface less The dendrites, when formed, were observed to be at the edges likely due to the higher electric field as a result of edge effect during electrodeposition.
surface-active during the two-step tin-reduction process seen in the voltammetry experiments. Such effect has been described previously for co-plating of Sn-Bi. 21, 22 The microstructure in Fig. 3e , however, showed a large numbers of pinholes, and the edges of the films showed non-uniform plating, although the number of dendrites observed was minimal. Figures 3g and 3h show the morphology of electroplated tin from solution VI'a where HQ and gelatin were present in a ratio of 2:3.33 and the the solution was stirred at 600 rpm (vs a stirring rate of 200 rpm for solutions I to VI). The most distinct feature of the electroplated tin film obtained from this solution was the uniformity of grain sizes and morphology with no overlapping grains and negligible pinhole formation, unlike the previous solutions where multiple regions were found to be without any deposit. SEM images taken at the edges show no sign of dendrite formation, indicating that the solution conducive to depositing a uniform grain morphology. The grain sizes were found to be between 5-7 μm with smooth edges and a minimal variation in grains size and morphology per unit area, resulting in a homogenous tin film. The above results indicate that although the addition of gelatin was seemingly more dominant in grain refining, it is likely that HQ also contributes to the uniformity of grain morphology and size, when both HQ and gelatin are used in combination.
With the realization of uniform pinhole-free dendrite-free tin films shown in Figs. 3g and 3h , it was desired to obtain varying microstructures by using a combination of HQ and gelatin as additives and varyging their ratios and Sn concentration. Figs. 4a, 4b, 4c , and 4d show tin films with markedly different grain morphologies obtained by altering the tin-ion concentration at different HQ to gelatin ratios for solutions VII, VIII, IX, and X in Table I , respectively. Fig. 4a shows large equiaxed grains with the grain size on the order of 3-5 μm with a relatively low variation in grain size (solution VII). Fig. 4b shows a microstructure with nearly square grains with size of the order of 2-3 μm by reducing the tin sulfate concentration and increasing the proportion on gelatin (solution VIII). Fig. 4c shows semi-uniform grains at a grain size of 1-3 μm by reducing the proportion of gelatin (solution X). Lastly, a microstructure with smaller grains and very high aspect ratios (length 2-4 μm and diameter about 500 nm) was obtained by slightly increasing the proportion of gelatin as seen in Fig.  4d (solution XI) . It is clear that the microstructure of electroplated tin films is affected by the HQ/gelatin ratios and Sn concentration, which change the nucleation and growth processes, and hence the morphology of the Sn grains.
In order to further change the microstructures using different input parameters, the current densities for solutions VII, VIII, IX, X, and XI were varied and the microstructures were observed under SEM. The morphology of the grains was specified by reporting their height (d) to width (L) ratio which characterizes the aspect ratio. In addition, the grain size was measured by putting a grid of horizontal and vertical lines on an SEM image and reporting the average of the grain size in each direction. Fig. 5 shows the SEM images of microstructures of the solutions VII, VIII, IX, X, and XI at different current densities. The range of the d/L ratio for the microstructures varied from 1-7, while the grain sizes varied from 500 nm to 4 μm.
Mechanisms of film nucleation and growth in the presence of additives.-In an effort to understand the effects of each additive on the mechanisms of film nucleation and growth on cathode surfaces, electroplating was carried out with solutions Ia, IIa, IIIa, and VI'a, and the resultant microstructures were observed after deposition for 10s, 40s and 150s. Solutions Ia, IIa, IIIa, and VI'a represent the additive-free electrolyte, electrolyte with HQ alone, electrolyte with gelatin alone, and electrolyte with a combination of HQ and gelatin, respectively. The microstructures at 10s, 40s, and 150s, for solution Ia are shown in Figures 6a, 6b , and 6c respectively. In absence of additives, the nucleation of tin film on Cu cathode was irregular with uneven grain morphologies and sizes. The average grain size ranged from 0.5-5 μm, while the grain morphologies varied from triangular to square to rectangular within the first 10s of the electroplating process Fig 6a. After about 150s , the grains became coarser with large grains growing even larger (up to ∼9 μm) while several smaller grains remaining in the film, which resulted in a highly non-uniform distribution of grains on the cathodic surface. At times up to 150 s, the tin film was dominated by isolated individual grains. For example, at 40 s, in an area of 60 × 40 μm, only 7 isolated grains can be observed larger than about 4 μm. It should be noted that tin can be electrodeposited on a conductive surface with very low activation potential which is largely responsible for immediate reduction of Sn ++ ions at the cathode surface (Fig. 6a) . From Figs. 6a, 6b and 6c, it appeared that several smaller grains were unable to attract enough charged tin ions to grow and remained left behind while several other grains grew at a higher rate starting from the early stages resulting in highly uneven texture of the tin films with several areas remaining without any tin present. This is interesting since the larger grains are expected to deplete Sn ++ ions in the electrolyte in their vicinity but this effect may have been overcome by the stronger electric field around the larger grains.
We note that although the tin nucleation was influenced by texture of the Cu surface, the results shown in Figs. 6a, 6b , and 6c can be used to compare nucleation behavior across bath chemistries since their surface preparation was kept constant. Further, the surface morphology used in this study is expected to be representative of that in practical tin plating applications. When HQ (6.67 g/L) was added to the solution IIa, the nucleating tin grains were less coarse, more regular, and had an improved grain to grain coalescence (Figs. 6d, 6e, 6f) , when compared to that without the additives (Figs. 6a, 6b, 6c ). For example, at 10 s, in an area of 60 × 40 μm, rounded grains of 0.5-2 μm size in different stages of nucleation can be observed. After 40 s, we observe several coalesced grains that indicated the first signs of film formation. However, after 150s of electroplating (Fig. 6f) , the grains grew to about 6 μm in size with visibly less numbers of smaller grains than without any additives (Fig. 6c) . However, the surface had regions without tin film that can be potential sites of pinholes we observed in Fig. 3c . The results here indicate that the addition of HQ can alter the electric field and ion concentrations near the cathode such that the grain growth was more uniform and grains were rounded with an improved coalescence compared to that without additives.
Figures 6g, 6h, and 6i show the effect of addition of gelatin (3.33 g/L) alone (i.e. solution IIIa in Table I ) to the plating bath on electroplated Sn film at various deposition times. Compared to previous two solutions, the microstructure evolution is completely different in early stages of growth, where we observe smaller grains ranging from 20-700 nm at a time of 10 s. We note, however, that there were few larger grains with high grain growth rates at sizes ranging from 1-4 μm which grew to be up to 13 μm after 150 s of electroplating. Apart from few anomalies in grain growth, majority of the electroplated grains were observed to have more uniformly distributed grain size, spherical morphologies, and improved coalescence (Fig. 6) .
The comparatively smaller and uniform tin grains observed the presence of gelatin can be explained by its inhibitory effect (slowing down of tin reduction) which has been found in other systems. 11, 12, 29 Gelatin is known to combine with metal ions to form charged complexes. 11 For example, in the case of electroplating of Cu, it forms glycine complexes with metal ion such as CuGl + , CuGl 2 and CuGl 3 − at pH levels ranging from 1.5 to 8.5. 11 In the presence of an acidic environment, gelatin may get decomposed, reducing the probability of presence of complex species in the solution. In the current experiments, the pH level of the solutions ranged from 2-5.5, i.e. within the range mentioned above. It is thus possible that the charged complexes form a film around the cathodic surfaces that inhibits and slows the stannous (Sn ++ ) reduction process. The slowing down of tin reduction reaction is expected to result in more uniformly distributed nucleation sites at the cathodic surface and a uniform grain growth. The charged complexes can lead to sludge formation and thus deteriorate the electroplating bath. We indeed found this to be the case, where the solution with gelatin alone started to show sludge formation within a few hours of the bath preparation. Another possible explanation of the inhibitory effect of gelatin addition is that gelatin itself can be adsorbed on the cathodic surface during electrodeposition. 11 A measure of adsorption (which also indicates the surface coverage, θ), can be found from the following equation
where, i = current density when gelatin was absent, i add = current density in presence of gelatin in the solution. For solutions IIIa, IIIb, and IIIc, the current densities found in LSV curves in Fig. 2 indicate that the surface coverage is expected to be 0.15, 0.4 and 0.56, respectively. This indicated a strong adsorption of gelatin on the electrode surface as the concentration of gelatin increased in the plating solution from 0.67, 2, to 3.33 g/L. The nucleation energy for grain formation is expected to reduce which results in a more uniform nucleation rate and the film as stated before. It should be noted that grain size during electroplating can also be dependent on cathodic overpotential and kinetics of grain growth 30, 31 i.e., higher value of cathodic overpotential may lead to nucleation of more grains per unit surface area of the cathode. For obtaining larger grains using the same solutions, increasing current densities can be useful although this will increase the chance of co-reduction of hydrogen gas which may alter mechanical properties of the electrodeposited film i.e., trapped hydrogen within grains can result in brittle films. 27 Since all the electrodeposition experiments were carried out at 30% below each solution's limiting current densities, it is evident that the nucleation and growth of the electroplated Sn films were dominated by the kinetics of the chemical constituents only. Besides, no additional heating of the solution was applied which ensured the prevention of any alteration of the solution's thermodynamic driving force for the tin reduction process.
Figs. 6j, 6k, and 6l show morphology of tin films electroplated at different times when HQ and gelatin were present in the solution (solution VI'a). After 10s of electroplating, the surface of the Cu cathode was observed to have the largest coverage of grains of uniform size of up to ∼500nm. This is consistent with that observed in Figs. 3g, and 3h, where the throwing power of this solution was higher than other solutions (Figs. 3a, 3b, 3c, 3d, 3e, 3f ). After 150s of electroplating time, the average grain size was observed to be between ∼500 nm to 3 μm with almost complete coverage. These grains grew up to 5-7 μm with no pinholes after 30 mins (Fig. 3g) . This is a significant improvement in terms of grain refining and surface coverage, which can be attributed to the increase in nucleation sites per unit area and a uniform nucleation rate and growth. We speculate that gelatin and HQ form complex species in the solution and get adsorbed on the cathodic surface or both additives act individually at the same time without forming any complex to control the kinetics of the overall electroplating process. 11, 12 Although it is unclear which of these two factors were dominant, the apparently slower grain growth can indeed be attributed to gelatin's inhibitory effect at current densities lower than i L similar to solution III where only gelatin was present as additive. This inhibitory effect of gelatin along with less dominant grain-shaping effect of HQ may have acted together to produce a much refined and uniform electroplated film after 150 s with the largest surface coverage compared to other solutions used in this set of experiments.
Effect of additives on the stability of electroplating solution.-Hydroquinone has been used as an additive to protect the electroplating solution from dissolved oxygen and hence it is often called as antioxidant. Without the addition of HQ, the Sn 2+ (Stannous) ions get oxidized to form Sn 4+ (Stannic) precipitates leading toward sludge formation and deterioration of the electroplating bath. 20 Low et al. described the role of HQ as oxygen scavenger where the mechanism was described by the simultaneous occurrence of two chemical reactions in presence of the additive in the solution. 20 First, odorless HQ gets oxidized to form benzoquinone with a redox-couple potential of +699 V vs. Standard Hydrogen Electrode (SHE). Then, the electrons released from the oxidation reaction reduce dissolved oxygen in the electroplating solution to form H 2 O. The complete reaction is therefore 2C 6 The physical appearance in the absence of HQ was studied in a different set of experiments (solutions Ia, Ib, Ic; IIa, IIb, IIc; IIIa, IIIb, IIIc) where the solutions without HQ formed sludge within less than 6 hours and turned from colorless to yellow because of the formation of tin oxide precipitates. Addition of gelatin alone in the solution deteriorated within less than 24 hours and the color turned dark brown. Solutions IV, V, VI where HQ and gelatin were both present at different ratios were visibly transparent up to 3 months before forming sludge and precipitates. The results here indicate that addition of HQ alone can limit sludge formation and the solution can be preserved for longer periods of time which is critical for industrial applications and was directly observed in the current work.
Conclusions
This work provides several key insights into the effect of organic additives of HQ and gelatin on the microstructure of electroplated tin films. We have demonstrated a method to produce uniform pinholefree electroplated tin films such that the film microstructure can be precisely controlled by the electroplating bath constituents. Further, we show that the mechanisms of tin nucleation and growth are altered in the presence of a combination of HQ and gelatin as the additives. The additives create a uniform chemical barrier to the tin nucleation, thereby slowing down the nucleation rate and allowing the film to have a uniform microstructure. Further, the additives alter the cathodic polarization curves and cause a delay in hydrogen reduction in the solution, thereby providing a wide window for tin reduction in combination with a reduced risk of hydrogen embrittlement. Finally, the additives alter the chemical reactions that prevent formation of sludges in the solution which preserves the plating bath for longer periods of time. The above work can be used to create tin films with tailored properties for specific applications such as microelectronics, energy storage, and corrosion resistant coatings.
